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sum 
The effects  of variations in cooling-passage geometry on the   re la-  

t ions  between heat flow and temperature  drops  within  liquid-cooled  turbine 
blades were determined quantitatively.  Wall thicknesses,  blade  section 
depths,  and  cooling-passage  sizes,  shapes,  and  spacings were varied ex- 
perimentally on a simple e l ec t r i c  analog on which were simulated rectangu- 
lar sections of blades. Data w e r e  obtained f o r  sections  heated  along one 
surface and cooled by a row of passages at various  distances from t ha t  
surface. These data were  extended t o  apply to  sections  heated along two 
opposing surfaces and cooled by a  single row of passages  equidistant from 
those surfaces. Results are presented i n  terms of the  temperature  dif- 
ferences between the  cooled-surface  temperature and (1) the  average 
heated-surface  temperature, (2) the  minim  heated-surface  temperature, 
(3) the maximum heated-surface  temperature, and (4) the  maxinnun tempera- 
tu re  at the  center l ine of the  turbine  blades. 

ITCRODUCTION 

For some applicatLons of gas-turbine  engines,  lfquid-cooling  of  the 
turbine is  desirable in order t o  permit operation  at  gas-temperature 
levels  higher  than fs presently  fe-ible. Because  of the  v&y high  heat- 
transfer  rates  possible  with  liquid-cooling,  temperature  gradients within 
the  turbine  blades can become excessive  unless  proper  design  procedures 
a re  used. Data presented  herein  can  be  used to  evaluate  temperature dif- 
ferences  within  liqui&-cooled  turbine  blades  for a wide var ie ty  of 
coolant-passage  configurations. 

Early  investigators in the  turbine-cooling  f ield  realized almost 
immediately that   l iquids  would provide much stronger  cooling  than air. 
Init ial   l iquid-cooling  investigations were made t o  demonstrate t h i s   f a c t  
and t o  determine the  magnitude of the  heat-transfer  coefficients  that  
could be realized.  Since it was convenient 
investigations and since its properties  aze 

and adequate f o r  the  initial 
well-defined over. a wide range 
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of conditions, water vas  chosen  as  the  cooling iiedT.um.- Tabrication prob- 
lems led t o   t h e   u s e  of relatively  large  coolant passages in   the   tu rb ine  
blades.  Stress  considerations  required  that such  passages be  of circular 
cross  section in order t o  be t te r  withstand  the  high  coolant  pressures 
developed  by centrifugal  action at high speeds. 

This ear ly   research  in   the  f ie ld  confirmed the  expectations for 
liquid-cooling and povided backgrouxl for subsequent work. (Refs. 1 and 
2 are   typical .  } In addition, it emphasized some of  the problems t o   b e  
encountered i n   t h e  further dev.elopment of liquid-coaled  systems  for air- 
craft   turbines.  Without pressurization,  the  boiling  point of water is low 
and the  maximum coolant  temperature  within  the  system ie limited. Come- 
quently,  turbine  blades are wercooled,  heat-rejection rates become ex- 
cessive, and, as shown by reference 3, heat  rejection  to  aubient a i r  at 
f l i g h t  Mach numbers above 1.8 is almost  impossible  with a simple  heat ex- 
changer.  References-4 and 5 show tha t  the type  of  cooling passages con- 
sidered would result i n  excessive  temperature  gradients  within  the  turbine - 

blades. 
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These factors  naturally lead to  the  consideration of cooling  systems w 

designed f o r  (1) maximum permissible  blade  temperatures in   o rde r   t o  keep 
the  heat  load on the  system t o  a minimum, (2) maximum feasible coolant 
temperatures i n  order t o   f ac i l i t a t e   hea t   r e j ec t ion   t o   t he   su r roud ing  
atmosphere, and (3) minimum thermal  gradients  within  the  blade  in order 
t o  minimize thermal  stresses.  Current  effortb are being  directed toward 
liquid-metal  coolante and the  use  of small coolant  passages  closely spaced 
around the periphery of the  turbine  blade. 

" 

Natural convection governs the   c i rculat ion of coolants  within  the 
rotating  parts of liquid-filled cooling system. Coolant  temperature 
levels have an important bewing on coolant  properties and hence on 
natural-convection  circulation. The temperature drop through  the  turbine 
blade, i f  sufficiently  large,  may have t o   b e  accounted f o r  i n  evaluating 
coolant  circulation and system  operation.  Heretofore, It has been CUB- 
tom8zy t o  aswane nominal values f o r  such  tempmature drop6 or t o  evaluate 
them ei ther  by  numerical methods as discussed in reference 4, or  by the  
use  of  simple  electric analogs- as outlined i n  reference 5. Ae design 
procedures are ref'ined-and  blades and systems a r e  designed  nearer  their 
temperature  limite,  the  ne&.for  comparative  information.on  the tempera- 
ture drops through  turbine  blade8 with a wide variety of cooling-passage 
configurations w i l l  become increasingly  important to   the  designer .  

The present  report may be  used t o  obtain  an  init ial   survey of a xide 
range of passage  geometries in order t o  permit  the  selection of a given 
configuration (o r  configurations)  best  suited  to  the  conditione of  opera- 
t ion.  Then, if desired, a more accurate and detailed  picture of the tem-  
perature  distribution may be  obtained  either by applying the  methods of 
reference 4 or  by making an analog (or analogs 1 fo r   t he   en t i r e  blade (or 
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blades). Data we presented i n  term6 of the  differences between the  

(2)  the  minimum heated-surface  temperature, (3) the  maximum heated-surface 
temperature, and (4) t he  maximum temperature at the r e a  of the  blade 
section  corresponding t o  the  center l ine  of   the   twbine blade. The differ-  
ences  based on average  heated-surface  temperature  are  useful  for  heat-flow 
calculations;  those  based on minimum heated-surface  temperature  permit 
evaluation of  maximum temperature  gradients;  those  based on maximum 
heated-surface  temperatures allow calculation of maximum metal tempera- 
tures; and those based on the  naaxirmun temperatures at the  extreme rear  of 
the  blade  sections  yield  the maximum temperature at the  center l ine of the  
turbine  blade. 

h cooled-surface temperature and (1) the  average  heated-surface  temperature, 

5d 
With the  use of coolant  passages  of  relatively small cross section, 

2 a Consequently,  square, rectangular, and/or oval passages may prove feas ib le  

3 h ?  Square, recta&ular, and circular  passages were investigated  herein  to 
u permit  reasonable  approximations of a wide var ie ty  of shapes. Data are 

the  stress problems due t o  high  coolant pressures axe not so c r i t i c a l .  

fo r  many applications, depending on the  fabrication  techniques employed. 

presented  for a range of geometries fo r  each of these  cross  sections. 
~ - 
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SYMBOLS 

area, sq f t  

dimension  of  cooling  passage w a l l e l  t o  surface (fig. l(b) ), in.  

dimension of cooling passage perpendicular t o   su r f ace  (fig. l (b ]  1, 
in.  

potential  difference, v 

heat-transfer  coefficient,  Btu/(hr)(sq  in.  or sq ft>{OF) 

current, amp 

thermal  conductivity,  -Btu/(hr)(in.  or  ft](OF) 

dimension  perpendicular t o  plane of gr id  of a metal block whose 
thermal  resistance is represented  by a 1-inch  length  of w i r e  on 
analog  grid {fig. l(d) 1, in. 

width of metal block whose thermal  resistance is represented  by a 
1-inch  length of wire on t he  analog  grid  (fig.   l(d> 1, in. 

dfrection normal to surface 
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Q heat-flow  rate, Btu/hr 

Q' heat-flow  rate per square inch of surface mea, Btu/(hr)(sq  in. 1 
c 

RE electr ical   res is tance,  ohms . 

%h thermal  resistance, (hr 1 (OF)/Btu 
- 

%h 

%i 

thermal  resistance  per  unit  surface area, (hr>(OF>/(Btu) (sq in.  ) 

uni t   e lec t r ica l   res i s tance  of analog  grid, ohms 

3 m 

T temperature, OF 

T mean temperature, OF 

Tg ,  e 

AT temperature  difference, OF 

- 

effective  gas  temperature, OF 

- 
AT difference between mean heated-surface  temperature and cooled- 

surface temperature, OF 

%€tu difference between maximum heated-surface  temperature and cooled- 
surface  temperature, OF 

ATm,, difference between minimum heated-surface  temperature and cooled- 
surface  temperature, OF 

ATr difference between maximum temperature at rem of sfmulated  blade 
section (canher l i n e  of blade} and cooled-surface  temperature, 
OF 

t thickness of metal  block whose thermal  resistance is represented. 
by a 1-inch  length of wire on analog  grid,  in. 

X,Y,Z  dbtances  along  mutually  perpendicular  axes, ft 

* temperature-difference  ratio, (T - Tz>/(T1 - Tz) 
Subscripts: 

0 heated  surface 

Pw plane wall 

n 
" .. 

1,2 used ta distinguish between areas and  temperatures on different  
surfaces of a body 
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Thermal resistances of  rectangular  sections of cooled  turbine  blades 
with  various  cooling-passage  configurations w e r e  determined  from measured 
electr ical   res is tances  of simulated configurations on a  resistance  analog. 
Figure l (a )  indicates some typical  sections  of  liquid-cooled  blades whose 
heat-flow paths may be  approximated 0n.a simple  rectangular.  analog. Ari 
idealized  representation of one such  blade  section is shown i n  figure 
l ( b ) .  A uniform  heat-transfer  coefficient is assumed over one boundary 
of the  section,  while no heat  flow  occurs  across  the  other three si’aes. 
A uniform  temperature is  assumed for  all cooling-passage  surfaces. The 
electric  analog on whfch such  sections were approximated  experimentally 
is illustrated schematically  in figure l ( c ) .  The turbine  blade metal WEAS 

represented by a grid of res is tance wire, each  lerigth  of w i r e  between the  
welded junctions  representing a block of metal  as-inllicated in  figure 
l (d ) .  Cooling  passages w e r e  simulated by shorting  out  appropriate  portions 
of the   g r id  at desired locations (assuming a uniform  cooled-surface tem- 
perature), and the  thermal  resistance of the  boundary layer on the  heated 
surface of the  blade was represented by a series of resistances connected 

and the  design of the  analog are given in the  appendix.) 

rl 

- to  the  wires  along one side of the  grid {see fig. l ( c ) ) .  (The principles 

The w i r e  grid was a 20- by  20-inch square  of I- by 1-inch mesh of 24- 
gage chrome1 wire   e lectr ical ly  spot-welded at each  junction. Wires w e r e  
held i n  grooves in a copper template  during welding t o  ensure dimensional 
accuracy. Varying lengths of 3/16- by 1/4-inch  copper bars w e r e  used t o  
short  out  areas  of  the  grid to simulate  square and rectangular passages3 
11-gage  copper w i r e  was used for  circulas  holes.  The desired passage 
shape  and s i z e  were outlined  by copper bars  (or w i r e )  which were then 
clamped in   place by heavier copper bars (1/4 by 1 in.  ). Machine screws 
projecting up  through the   g r id  at intervala from a plywood base   f ac i l i t a t ed  
the  clamping. The cooling-passage m a y  was connected t o  the  1/4- by 1- 
inch  copper  bus  bar  adgacent t o   t he   g r id   ( f ig .   l ( c ) )  by  copper bars of the  
same size.  The large  bar  s i z e s  w e r e  used to avoid  appreciable  voltage 
drops  between  coolant  passages.  Boundaries were set within 1/64 -inch  for 
the  square and rectangular  passages, which w e r e  outlined by bars of rec- 
tangular  cross  section, and within 1/32 inch  for   the  c i rcular  passages, 
where w i r e  of c i rcu lar  cross section was used. 

The external  resistance~l  representing  the thermal resis tance of t h e  
boundary layer at the  outer  surface  of  the blade w e r e  lengths of ca l i -  
brated 28-gage c-XiFomel wire. Twenty such  lengths w e r e  w e l d e d  to the  gr id  
a t  1-inch  intervals along one side,  the  connections  being made 1/2 inch 
f’rom the  grid-wire  junctions { f i g .  l ( c ) ) .  The opposite ends of these 

brazed to a heavy copper  bus b a r   t o  ensure a  uniform e lec t r ica l   po ten t ia l  
at these  points. The external  resistances were i n i t i a l l y  chosen to cor- 
respond t o  a heat-transfer  coefficient of 250 Btu/(br)(sq  ft)(OF) 
.l.736  Btu/(hr)(sq in. >(OF)] and later for  one-fourth  that  value. 
Details are given in the  appendix. 

- external  resistances w e r e  welded t o  a length of chrome1 rod t ha t  was 

-1 

F 



6 NACA RM E55KL8 

A 6-volt  automobile  battery and a voltage  divider  supplied  current 
to  the  analog. The en t i r e  assembly except the   ba t te ry  was mounted on a 
plywood base. 

Once a given  passage  size,  passage shape, passage  spacing, and wall 
thickness - had been  selected and the  corresponding  areas of  the  grid  ahorted 
out as  indicated in figure l ( c ) ,  a potent ia l  was applied  across  the bus 
bars of the  analog. The voltage was adjusted  to  give a large deflection 
on the  scale  of t he  d-c ammeter which memured current f l o w .  The potent ia l  
difference between the  coolant-passage  bus  bar and the  gr id  wires w i t h h  
the  shorted-out passage areas waa checked with a commercial laboratory 
potentiometer. Any measurable potential  difference  indicated a poor elec- 
t r i c a l  connection somewhere in   tha t   por t ion  of the circuit; such  comec- 
t i o m  w e r e  ascertained and the  difficulty  eliminated.  Potential  differ- 
ences were then checked between the  cooling-passage bus bar and the 20 
points along the edge of the   g r id  which represented  the  surface of the 
blade  section and also between the  cooling-passage bus bar and a point on 
the  extreme rear of the grid midway between cooling  passages. 

Measurements were taken  with  various combination6 of passage  sizes, 
shapes, and spacings, and with  vasying wall thicknesses on the full 20- 
inch-deep grid. It waa expected tha t   t h i s  grid depth would be  sufficiently 
lmge  with  respect   to   passage.dimensi0~.  $0. approximate the  condition of 
i n f in i t e   g r id  depth.  Subsequently, the  grid-  depth wae -decreased in ai' 
ser ies  of steps by cutting off s t r i p s  from the  rear  of the grid. At each 
step  the  foregoing  procedure was repeated  for a range.of  cooling-paeeage 
configurations. 

" 

Table I indicates  the  range of conditions  for which data are 
presented. 

Calculation  procedures  eqployed  herein  involve  evaluation of analog 
electr ical   res is tances  for various  simulated  cooling-passage  configura- 
tione,  determination of the  corresponding  thermal  resistances, and cal- 
culation of unit values of W/Q' based on a common heated-surface area 
i n  order that resul t8  may be compared direct ly .  Unit  values of W / Q I  

are presented i n  terms of four different temperature  drops to permit 
ready  calculation of the average, minimum,  and maximum heated-surface 
temperatures, and the  maximum temperature at the reaz boundary of t h e  
blade  section  ( table I>. 

. 
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Determiriation of Thermal Resistance 
d 

The e lec t r ica l   res i s tance  of the  simulated cooling  configuration was 
first  determined from measured analog  values of curr-ent and voltage drops. 
The potential   differences between the 20 points  representing  the  blade 
surface and the  cooling-passage  bus bar were averaged  arithmetically. The 
mean value  divided  by  the measured current gave the   e lec t r ica l   res i s tance  
for  the  simulated  configuration.  This  resistance  multiplied by the pre- 
viously  &termbed  ratio of t he rm1   to   e l ec t r i ca l   r e s i s t ance  (see appendix) 
gave the  thermal  resistance of the  configuration. 

Thermal resistances  based on t he  minimum and a l so  on t h e  maximum 
temperature on the  heated  surface of the simulated  blade  section w e r e  
obtained in  the same way, except that the  minimum and the  maximum rather  
than  the  average  potential  drop *om the surface “Lo the  cooling  passage 
were used in determining  the  electrical  resistances.  Similarly, proce- 
dures used in evaluating  thermal  resistances  based on the  maximum tempera- 
ture at the  rear of the simulated  blade  section w e r e  identical   except  for 
the  potent ia l   d i f ference employed. 

I 

Determination  of U n i t  Thermal Resistance 

The surface area represented on t h e  analog was 202L, where 2 was 
the  width a h  L the  dimension perpendicular t o  the plane of t he  grid of 
the  block of metal whose thermal resis tance w a s  represented  by  the  elec- 
t r i c a l   r e s i s t a n c e  of 1 inch  of  grid wire. The value  of L was assumed t o  
be 1 inch a t  a l l  times,  while various values were assumed for   the  equiva- 
l en t  grid spacing 2. The surface area varied  with 2; and, i n  ordeI‘ t o  
put results on the  bas is of a common surface  area , the  following r e l a t ion  
was used: 

Rih = - X -  
Ae %h x equivalent analog surface area 
i % common reference  surface area 

* 

where qh is the  thermal  resistance per square inch of surface area. - 
In  the  present case the  values aasumed (see appendix) reduced  equation 
(11 t o  
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By assuming different  values  for  the  equivalent  grid  spacing 2, the  
measured e lec t r ica l   res i s tance   for  any simulated  cooling  configuration may - 
be  used to  obtain  thermal  resistances for a ser ies  of geometrically similar 
conf iguratione . Au- physical dimensions of the  configuration  except L 
vary  directly  with 2; this  includes  the  surface  area,  since  the  daeneion 
perpendicular t o  the  plane of the grid L was assumed 1 inch a t  a l l  
times. Thus, the  measured electr ical   res is tance of an analog s e t  up for 
passages 2x2 gr id  spaces  square  spaced 10 grid spaces  apart  with a wall 
thickness  of 4 grid  spaces may be used to  evaluate  the  thermal  reeistances 
of (a)  0.010- by 0.010-inch  passages  spaced 0.050 inch  apart  with a wall 2 
thickness of 0.020 inch,  (b) 0.040- by 0.040-inch  passages  spaced 0.200 a 
inch apart with a w a l l  of 0.080 inch, or (c>  any other  geometrically simi- 
lar arrangement. 

" 

lc 

Jus t i f ica t ion  of the  procedure  within  the  lfmfts used herein lie13 in 
the   fac t   tha t  a fourfold change i n  the parameter hot/k in  the  current 
ser ies  of experiments resul ted  in  a spread of o n l y  6 percent i n  observed . 
data. The analog was or ig ina l ly   se t  up for an outside  heat-transfer  coef- 
f i c i en t  of 1.736 Btu/(hr)(sq in.)(OF)[250 Btu/(hr)(s  ft}(OF)], a conduc- 
t i v i t y  of 1.25 Btu/(hr)(in. >(OF) E15 Btu/(hr)(ft)(OFf, and an equivalent " 
grid spacing of 0.005 inch, which gave a value of 0.006944 for the parame- 
ter hot/k.  Subsequently, a change in  the  external  resistances  simulating 
boundary conditions  at the heated  surface  resulted  in a value of 0.02778 
f o r   t h i s  parameter.  Figure 2 shows the  results  obtained from four identi- 
cal  configurations  before and after t h i s   c h a q e  w a s  made. A t  the maximum 
passage  spacing of twice  the  grid width, or 40 grid  spaces,  the data l i e  
within a 6 percent  band'or  within 3 percent of a mean line; a t  half that 
spacing agreement is be t te r .  On the  basis of t h i s  agreement and the  ac- 
curacy  requirements of this  project ,  i t .  is felt  that   the   use of a varying 
scale  factor  in  equation (2) t o  calc-te q h  for  more th8n one 
geometrical  configuration i s  Justified  within  the  range of hot/k  used 
herein . 

f iesentat ion of Resultl i l  

Consider the  heat-conduction  equation 
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The factor   re la t ing Q t o  AT is 2/kA, which mfght be  thought of as 
the  res is tance of the  blade  sect ion  to   the flow of heat. The ef fec ts  of 
cooling-passage geometry on th i s   fac tor   a re   inves t iga ted   in   th i s   repor t .  
Obviously, k is independent of geometry, so that Z/A and it's variations 
with geometry are of principal concern. Inasmuch as the  quantity in- 
volving &', the  heat f low per  unit  surface  area and A!T w i l l  be of 
di rec t  in te res t  t o   t he   u se r s  of these  data, kA!Th' w i l l  be used in   t he  
figures presenting results rather   than  the  ident ical   quant i ty  Z/A; &' 
is  used rather  than Q so t h a t   a l l   r e s u l t s  will be  based on a common 
surface  area and be   d i rec t ly  comparable. 

Application  to Turbine-Cooling Calculations 

In a typical  application of the  information  herein,  the  designer w i l l  
have t o   s e l e c t  a turbine  blade-cooling  configuration and a cooling  system 
to operate  within  the limits imposed by  engine and fl ight  conditions.  
This report  furnishes  temperature  drops  through  the  blade  for a wide range 
of  configurations SO that the  effect  of such  drops OR thermal  stresses 
within  the blade, temperature  levels  within  the  blade, and temperature 
leve l  and operation of the  cooling system may be  evaluated. 

The designer must determine Q' (or AT) from the  conditions of op- 
eration,  select   the passage configuration which most nearly matches tha t  
which he is considering, and, from the  proper  curves,  determine  the ap- 
plicable  value of kAT/Q'. The temperature  drop (or Q' 1 is then deter- 
mined from 

After evaluating  the  relative  effect  of numerous configurations upon blade 
stresses and  cooling-system  operation,  other  considerations  such as f8b- 
r i ca t ion  problems must be w e i g h e d  before a final configuration is chosen. 

The application of the   da ta  must be l imited  to   such  sect ions as can 
be  approximated by square  or  rectangular  portions of the   b lade   tha t  ful- 
f i l l  the  boudary  conditions.  Figure l (a)  indicates  several  such  blade 
sect  ions. 

RESUL'PS AND DISCUSSION 

In order   to  determine quant i ta t ively  the  re la t ions between heat flow 
and various temperature drops  within  the metal of cooled  turbine  blades 
for a variety of  cooling-passage  eizes, shapes, and spacings,  with 
varying w a l l  thicknesses,   the  resistance  to  the  f low of heat was evaluated 
f o r  a large rider of c o o ~ n g   c o ~ i g u r a t ~ o n s .   P l o t s  relating .W/QI t o  
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the geometry of the  cooling-passage  configurations.  are  presented  in t m  
of the average, t he   min im,  and the maximum heated-surface-to-cooled- - 
surface  temperature drop and the maximum temperature b o p  from the  rear 
boundary of the  blade  section t o  the  cooled  surface.  Initially,  the  depth 
of the  simulated  blade  section was kept suff ic ient ly   large  xi th   respect  .to 
passage  dimemions t o  approximate the  condition of infinite  section  depth.  
Subsequently, the.depth of section was gradually  reduced and a nmiber of 
cooling  configurations were reinvestigated  in  order  that  the  effect of 
section  depth might be  evaluated. 

Resistance t o  Heat Flow Based on Averwe 

Heated-Surface  Temperature 

Maximum section-depth. - Square  passages:  Typical results  obtained 
with  square  passages i n  a section whose depth is large  with  respect t o  - 

passage  dimensions a re  shown i n  figure 3. Data are given for square pas- * 
sages  of-varyingLizes at spacings of 0.8 and 0.2 inch. The curves showing 
the  var ia t ion W / Q !  with wall thickness  are parallel t o  that calculated 
for a plane wall except a t  low wall thicknesses. The curve fo r  a plane 
wall which is heated uniformly on one s ide and cooled  uniformly on the 
other  represents  the lower limit f o r  such  a ser ies  of curves; i n  this 
condition heat flows at a  uniform  density by the  shortest  possible  path 
from the  heated t o  the  caoled  surface.' Any deviations from this  condition 
requFre  longer  heat-flow paths and local  increases  in  heat-flux  densities, 
both of which increase  the  over-all  resistance  to  heat  flow. It is pos- 
s i b l e   t o  have a much larger  cooled  surface  area  than OCCUTB with  a  plane 
w a l l  and s t i l l  have a  higher  resistance  to  the  flow of heat. With the 
0.2-inch  spacing (f ig .  3(b)), any passage less than 0.2 but  greater than 
0.05 inch  square uill present m r e  passage surface area t o  the  heat  flow 
than  does  the  plane w a l l  for the  corresponding  width of section,  but the 
factors  mentioned r e s u l t .  i n  higher resis tances   to   heat  flow. 

- 

I n  comparing these and subsequent figures i n  which spacings  vary, it 
must be remelnbered t h a t   a l l   d a t a  are presented on the  basis of a common 
heated-surface  area. A t  comparable heat.-flwc deneities  at   the  heated 
surface,  the smaller nuder  of passages of a given  size which are  asso- 
ciated  with  the  larger  spacings  require longer heat-flow  paths and greater 
local  heat-flux  densities i n  the neighborhood of the  cooling  pasmges, 
with  an accompanying increase in the  over-all  thermal  resistance of the 
configuration. 

. .  

If thermal  resistances were calculated on the  baeia of the  tempera- 
ture differences between the  cooling  passage and the  heated  surface at; a 
point  dfrectly  opposite  the  passage,  thermal  resistances would go t o  ze ro  
at  z e r o  nll thickness. However, as  the  differences between coolfng- 
passage  temperatures and the  average  heated-surface  temperatures were a 



NACA RM E55Kl.8 
L 

11 

wed., f i n i t e  values w e r e  obtained at zero wall thickness. The increases 
i n  f low resistance  with  decreasing wall thickness that are evident at very 
small wall  thicknesses may be  a t t r ibuted  to   the  inf luence of the   s teep  
temperature gradients i n  the  immediate  neighborhood of passages upon the  
outer  surface temperatures. 

The fact   that   the   zurves  of @/Qf against wall thickness  are par- 
a l le l  t o   t h a t   f o r  a plane wall (see f i g .  21 makes possible  the  elimination 
of w a l l  thickness as a variable if the  deviations from a s t r a i g h t   l i n e   a t  
very small wall thicknesses may be  ignored. The difference between 

against  passage s i z e  with spacing as a parameter. In such a p lo t  the 
curves of figure 3 appear as points, and a series of m v e s  as shown i n  
f igure 3 (a) appears as a single  curve. ~ h f s  type of plot   for   a  series of 
square-passage  sizes and spacings is presented in figure 4Ca). As passage 
s izes  approach  zero,  heat-flow  areas at the  passage  surfaces become very 
small and temperature gradients increase  rapidly;  the  curves of figure 
4(a)  therefore go t o  in f in i ty  at zero passage size.  As passages increase 
i n  s i z e ,  flow conditions approach those  through a plane w a l l .  When the  - hole  size  equals  the  spacing  for square holes,  the  plane-wall  condition 
is reached and the  curves go t o  zero. 

P 
0, 
03 
0 4  m[Q' f o r  a  given  configuration and fo r  a plane wall may be  plotted 

y . .  
sl 
3 

Circular  passages: C i r c u l a r  passages were investigated  over a' range 
of hole s i zes ,  spacings, and wall thicknesses; results are presented i n  
f igure 4(b) .  ,Since  the  perimeter of the  circular passage is smaller than 
tha t  of a square whose sides  equal  the  circle  diameter,  local  heat-flux 
densi t ies  addacent t o   t he   c i r cu la r  passage are higher,  temperature gra- 
dients are steeper, and the  res is tance  to   heat  flow is greater  {cf.   f igs.  
4(a) and (b) ). As diameters increase,  overlapping  circular passages 
approach t h e  plan w a l l  case only in the  limit; the  curves of figure 4(b 
therefore approac&he abscissa  asymptotically  rather than going t o  zero 
when passage  diameters  equal-passage  spacing. 

Rectangular  passages: The e f fec t  of using  coolant  passages of vary- 
ing  width-depth r a t io s  i s  shown i n  f igure 5, which indicates  that  passage 
width  has much  more e f fec t  upon the  thermal  resistance of the  blade  sec- 
t ion   than  does the  passage depth  (cf.  curve slopes, figs. 5(a) and (b)).  
Because of the   re la t ive ly  minor e f fec t -o f  passage  depth,  the  curves of 
figure Scb), which i l l u s t r a t e   t h e  effect of passage  width, are limited t o  
a s ingle  passqe depth  rather  than  covering a range of depths. The pas- 
sage s i z e s  shown are in the  range of current  interest  i n  turbine coolin@;. 
Although the  data   apply  direct ly  t o  rectangular  passages,  they  should 
permit  estimation of  m/Qr f o r  oval passages  with  reasonable  accuracy. 

- Varying section  depths  (square  passages). - The foregoing results 
were obtained  with a constant  section  depth  that was large  with  respect 
t o  passage  dimensions.  Figme 6 smmariies comparable results f o r  
several  passage  sizes when the  section  depth is reduced  by steps t o  a - 
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f ract ion of  its original  value. A t  small spacings and the larger paseage 
s i z e s ,  the  reduced  section  depth  has l i t t l e  effect  on =/a'. AB spacings 
increase and passage sizes  decrease, pronounced increase6 i n  m/Q1 are  
evident. 

For a given  hole s i ze .  ami spacing, a separate  curve of a/Q' 
against wall thickness may be  obtained for each  section  depth. AB is evi- 
dent from figure 6, the lower limit is tha t  curve which applies  for an 
inf in i te   sec t ion  depth, a condition which was approximated i n   t h e  previous 
cases where section  depth was large  with  respect  to  passage  dimemione 
( f igs .  3 t o  5) .  The second limit f o r  each  family of curves is indicated 
by the dashed l ines  i n  f igure 6, which apply t o  coolant  passages a t   t h e  
extreme rear  of the  variou8  sections. The sharp  increaee i n  G/Q1 that 
occurs as the  rear  boundary of the  section is approached r e su l t s  from the 
reduction' in flow area and the  accompanying increase  in  thermal  gradients 
i n  t h e  region  adjacent to  the  cooling passage. . A s  epacings are  reduced 
and passage sizes  increased,  these  limiting  curves approach  each other 
and, fo r  practfcal  purposes, coincide. 

Section  heated  along two opposing sides. - The case  of  a  section of 
blade  heated  uniformly  along two opposing sides and cooled by a single  row 
of passages  equidistant  fromthose  surfaces is i l l u s t r a t ed   i n   f i gu re  7. 
Square and rectangular  passages are considered. inasmuch as Q' is de- 
fined  as  heat flux per  unit  surface  area, it is obvious that  the  thermal 
residtance of a given  section  heated  along one surface is the same as   that  
of two such  sections  back20  back.  Therefore,  the  dashed  curves of  fig- 
ure 6, which represent kAT/Q' of sections  heated along one s E f a c e  and 
cooled by passages at the extreme rear, must also  represent W/Q' of 
sections  heated along opposing surfaces and  cooled at the  centerline by 
a row of passages of the  same width but  twice  the  depth of the  or iginal  
passages.  Figure 7 was evaluated i n   t h i s  manner from data such as  those 
presented in figure 6. 

Res is tance  to  Heat Flow Based on Minimum 

Heated-Surface  Temperature 

The temperature  gradients  are  greater  along a normal from the  heated 
surface  to  the  center of the  coolant  passage than along any other  heat- 
Blow path i n  the  section. The local  heated-aurface  temperature is .  a mini- 
mum on t h i s  normal. The da ta   in   th i s   sec t ion  axe based on the  difference 
between t h i s  minimum heated-surface  temperature and the  coaled-surface 
temperature. The method of presentation is the 6ame as in the  preceding 
section. 

Maximum section  depth. - Square  passages: The variations of 
qin/Qf with  wall.thickness for  the  case of square  passages in re la-  
tively deep sections are shown i n  figures 8(a)  and (b) for passege 

. 
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spacings of 0.4 and 0.2 inch,  respectively. The magnitudes of the  ordi- 

based on t he  average  heated-surface  temperatures (see fig. 3). The rates 
a t  which curves become pazallel t o  that for   the  plane w a l l  is slower than 
was the  case  for curves  based on average heated-surface  temperatures  (see 
f i g .  3). This f a c t  makes impractical  the  eUmination of w a l l  thickness a6 
a variable. Consequently, data   are  presented i n  plots of W Q '  
against w a l l  thickness  for a series of individual  passage  sizes  rather 
than  in  plots of ( W Q '  - (~UYC/Q')~~ against  passage dimensLons. 

- nates are, of course, lower fo r  comparable conditions than those of curves 

Circular  passages:  Figures  8(c) and (d) show the  var ia t ion of 
lUYCmin/Q' with w a l l  thickness  for  circular .passages i n  a re la t ive ly  deep 
section  for  passage spacings of 0.4 and 0.2 inch. Valuee of Wdn/Qf 
for  cQculaz  passages are s l igh t ly  hi@;her at comparable conditions  than 
for  square  passages whose sides me equal  to  the  diameter  of  the  circular 
passages. Again, it is evident that W n i t u d e s  of .kaT,,[Q1 are lower 
a t  comparable conditions  than  for  curves  baaed on -average  heated-surface 
temperatures. 

* 

- 
Varying section  depths  (square  passagesl. - The var ia t ion of 

kATmi,JQt with w a l l  thicklless  for a series of section  depths is sham 
i n  figure 9 f o r  a range of squaxe-passage s izes  and spacings. The com- 
parison made previously  for similar data based on average  heated-surface 
temperatures is appllcable in  the present case,  both as t o  magnitude of 
ordinates and rates a t  which the  slopes  of'curves approach tha t .o f   t he  
plane wall. 

Section  heated  along two opposing sides. - The var ia t ion of . 

%dQ1 with w a l l  thickness is shown i n  figure 10 f o r  a section  heated 
along two opposing sides and cooled  by a single row of pastiages along its 
centerline.  Curves vary  from  those  based'on AT (fig. 71, in that   they 
go t o  zero  when section  thickness  equals passage depth, and the i r  slopes 
approach tha t  of a plane w a l l  a t  a slower ra t e .  

- 

Resistance t o  H e a t  F low BaEled on Maximum 

H e a t e d -  Surf ace Temperature 

I n  order t o  p e r m i t  calculatians for  the  max- temperature, figures 
11 t o  13 have  been  prepared. The data   differ   f ronthose  previously shown 
only in the  temperature  drop  involved,  the drop from the  heated  surface 
at a point  equidistant from the  passages t o   t h e  cooled  surfaces. 
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Maximum section  depth. - Square passages: The variation of 

UTm,/Q' with wall thickness is sham  in   f igure l l ( a )  f o r  square pas- 

sages i n  a r e l a t ive ly  deep  section. The w e s  are, i n  general,  similar 

magnitudes, the  chief  difference  l ies  In  the  rate at which the curves-be- 
come paral le l  to  .that  for  the  plane  wall. In the  present  instance,  the 
r a t e  is much slower than noted previously,  particularly  at  the  larger 
paesage  spacings. 

' to  those  based on average  surface  temperatures  (fig. 3). Aside from 

Circular paseages: The vmia t ion  of -/Q' with wall thickness 
is given in   f igure  l l ( b )  for circular  passages i n  a re la t ive ly  deep  sec- 
t ion.  The remarks concerning square passages  apply  equally  here. Aa 
noted previously, magnitudes of kAT&Q' a r e  higher  for  circular pas- 
sages of a given  diamet-er  than for the comparable square passages. 

Varying section  depths  (square  passages). - The maximum temperatures - 
t h a t  OCCUTQII the  heated  surfaces of sections  of  varying  depths may be 
determined fo r  8 number of passage s izes  from the data of figure 12. I n  
general,  the  curves  are  quite similar t o  those  based on average and mini- I 

mum surface  temperatures. Magnitudes of ~ A T ~ ~ / Q ~  are, of comae, 
greater. The r a t e s   a t  which the  curves become para l le l  t o  that for   the  
plane wall a re  slower than those of E / Q 1  in   th i s   case  also. 

Section  heated  along two opposing sides. - The  maximum temperatures 
on the  blade  surface may be  determined from f igure 13 f o r  a section  heated 
along  opposing sides and cooled by a single  row of passages along the 
Centerline.  bkgnitudes  are  greater  than in f i g g e  7 where average  heated- 
surface  temperatures were used rather  than maximum values, and f igure- io  
where minimum heated-Burface  temperatures were used. Slopes of the  cor- 
responding  curves  vwy  appreciably,  but  the  plots  are  basically  the same. 

." 

Res-istance t o  Heat Flow Based on Maximum 

Rear-Bound- Temperature 

I n  arder t o  give a rough ides  of temperature  variations i n  the  region 
behind  the c001,ing passages  with  vwious  cooling-passage  configurations, 
a ser ies  of curves is  shown which is  based on the  differences between the  
maximum temperature on the  section boundary .opposite  the  heated  surface 
and the  temperature a t  the  cooling-passage  surface  {figs. 14 and E). The 
maximum rear-boundary  temperature corresponds t o   t h e  maximum temperature 
a t   the   center l ine of a turbine hlade. If Q ' ,  k, and. the  cooled-surface 
temperature m e  known, t he  maximum rear-boundary  temperature may be  evalu- 
ated from these  f igures.  
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Varying section  depths  (square  passages). - The variations of 
- kAT,./Q' with w a l l  thickness are shown for  three square-passage  sizes i n  

fig$e 14 for a range of section  depths and passage spacings. ~ As might 
be  expected,  the magnitude of k/\r,/Q' is very sens i t i ve   t o  passage s i ze  
and passage  spacing. The limiting  condition  here, which corresponds to 
the  plane-wall  case  sham i n  m y  of the'preceding figures, is the  hori-  
zontal coordinate' axis; this  condition  corresponds  to  the complete isola- 
t i o n  of the  core  of the  blade by the  coolant. Some of the  configurations 
i l l u s t r a t e d   i n  figure 14 approach t h i s  limiting condition  closely. 

Section  heated  along two opposing sides (square passages). - AB i n  
previous  cases,  the  dashed  curves of figure 14, f o r  passages a t  the  ex- 
treme rear of the simulated blade  section, m e  extended in figure 15 t o  
represent  conditions for sections  heated  uniformly along two opposing 
sides.  A t  l o w  wall  thicknesses  or low section  thicknesses,  the tempera- 
ture midway between coaling  passages is sensi t ive t o  wall thickness;  but, 
as w a l l  thicknesses  increase,  the  curves  flatten out and the  temperature 
at that  point remains almost  constant. 

m 

The followFng example is included to indicate   the magnitudes of the 
temperature  drops  within a turbine  blade  with various passage geometries. 

Assume tha t  a portion of a blade may be approximated  by a I- by 1- 
by  0.15-inch section.  Operating  conditions  yield  an  effective gas tem- 
perature of 16000 F and a surface  heat-transfer  coefficient of 225 
Btu[(hr)(sq  ft)(OF>.  Stress  considerations  fndicate  that an average 
metal temperature on the order of 130O0 F will be  permissible; at t h i s  
temperature  the  blade material has a thermal  conductivity of 14 
Btu/(hr)(ft)(°F).  Evaluating Q' from surface  conditions  gives - 

For a 1- by 1- by  0.15-hch  section  with a 0.05-inch wall, a 0.2- 
inch  passage  spacing, and a -passage s i z e  of 0.04 by  0.04 inch, figure 
6 (b 1 gives a value of 0.085 for m/Qf . Then, 

D 
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For the same conditions , figure 9(b) yields a value f o r  k&l&dQ' of  
0.071, from which aTrnin = O.O71X'402 = 28.5' F. Similarly, from figure 
U(b )  , W-/Q' = 0.085 and ATm = 34.2' F. A t  the rear  of the 8ec- 
t i on  (fig. 14(b)), kATr/Q' = 0.023 and + = 9.Z0 F. 

- 

For comparison, tab le  I1 sumarizes  the  temperature  differences ob- 
tained at four  passage  spacings for (a )  a 0.04- by 0.04-inch  passage with 
a  section depth o f .  0.15 inch, (b) a 0.04- by 0.04-inch  passage wi th  a very 
large  sect ion depth, and (c>  a 0.04-inch-diameter  passage  with a very  large 3 
section  depth. 

m 

Under the  conditions chosen, the  temperature  drops aze very similar; 
variations due to   sect ion  depth  or   to   differences  in  f l o w  paths fo r  aquare 
and c i rcu lar  passages are .slight a t  spacings of 0.4 inch or less. With 
smaller section  depths, smaller passages, alld W g e r  passage  spacings,  the 
variations would, of course,  be more pronounced. . 

In designing 8 blade  for maximum blade and coolant  temperatures, a 
series of such  calculations may be made i n  mder to survey a wide range 
of geometries and a r r i v e   a t  a tentative  configuration or configurations. 
Then, if desired, a more accurate and detailed knowledge of blade tempera- 
ture   dis t r ibut ion m y  be obtained. e i ther  by relaxation methods or  by the 
use of analogs. I n  either case, a larger section of the blade  profile 
should be examined than i n  the present  investigation. 

In the  final selection of a configuration, thermal st resses  due t o  
temperature  gradients,  centrifugal  stresses  arising from the load due t o  
the weight of the  coolant  within the  blade, and pressure  forces  resulting 
from centrifugal  action on the coolant must be weighed i n   r e l a t i o n  t o  the 
over-all  mechanical  design of the  blade. 

CONCLUDING 3EMARKs 

Fxperimentally  determined  curves  are  presented which show quantita- 
t ive ly   the   e f fec t  of cooling-passage  geometries upon the  re la t ions between 
heat flow and temperature drops within cross sections of liquid-cooled 
turbine  blades. Temperature differences between the cooled  surfaces and 
points of (1). average, (2) minimum, and (3) maximum heated-surface tem- 
peratures and (4 )  maximum centerline  temperatures may be  evaluated for a 
wide range of cooling-passage  sizes, shapes, spacinge, and wall thiclmesses 
and for a range of blade-section  thicknesses. Such information w i l l  be re- 
quired  in designing liquid-cooled blades and l iquid-fi l led  cooling syatems 
f o r  maximum-temperature operation in aircraf t   turbines .  

Lewis Fllght  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

CleveLand, Ohio, November 25, 1955 
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The d i f f i c u l t i e s  involved i n  obtaining  accurate  experimental  thermal 
measurements a re  such tha t ,   fo r  over a half a century,   scientists have 
been  developing ways of evaluating  thermal  relations from experimental 
measurements of quantit ies  other  than  heat flow and temperature. The 
f i e l d  of application is wi&e, s ince  analytical  methods, except i n  the 
simplest  cases, are cmibersome and lengthy. Analogy methods have s e r v e d  
w e l l .  . " 

Equations. - This section is taken almqst d i rec t ly  from the  discus- 
sion of Jakob in   reference 6 for  steady-state  conditions. 

Y 
E -  

Consider a homogeneous body of thermal conductivity k which has 
a heated  surface Al a t  a uniform  temperature T, and a cooled  surface 
4 a t  temperature T2 and is thermally insulated elsewhere. Heat f l o w  
w i l l  be i n  accordance w i t h  Laplace's  equation: - 

The heat-flow  rate is given by 

where n is the  direct ion normal t o  dAl. 

Let 

T - T2 * =  
T1 - T2 

Substitution  of  equation (A3)  i n  equation (Al) yields 

" a% + a2+ a2+ 
ax2 ay az2 

2 + - = o  

- 
with  the boundary conditions 

9 = 1 f o r  T = T l  

(A4 1 

9 = 0 f o r  T = T2 - 
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Equation (A2) becomes 
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Hence, neither nor the   integral  of equation ( A 5 )  depends on tempera- 
t&es  but  only upon- the shape of .   the  body. 

The fntegral  of equation (A51 may be  considered  as  the  ratio of the  
mean effective  area of the  heat-flow  path  to  the mean effective  length.  
S ince   th i s   ra t io  is independent  of both  temperature and heat flow, it  can 
be  determined by any suitable  experimental method that satisfies  equations 
(Al) and (A2) ,  regardless of  t h e   q w t i t i e s  represented .by T, Q, and k, 
as long as  the  experimental  shape is s i m i l a r  to the body under 
considerat ion. 

- 

. . .  .- . .- 

Electr ical  analogy. - I n  employing an e l ec t r i ca l  system t o  simulate 
heat  flow  through a body, the analogy between the  various  quantities be- 
comes apparent from examination. of the  equations involved. Coneider the - 

e lec t r i ca l  conduction  equation 

- 
- 

. .  . .. . 

and the  thermal  conduction  equation 

The driving  force is be i n  one case and AT in  the  other,  the current 
flow i corresponds to   the  heat-f low  ra te  Q, and the   e lec t r ica l  re- 
s is tance RE ha8 i ts  counterpet  in the  thermal f l o w  resistance 2/kA. 

I n  geometrically similar flow paths,  def ini te   re la t ions exist between 
these  corresponding  .quantities. The temperature gradients and heat-flow 
ra t e s   i n  each loca l  area of the  heat-flow system bear  the same r e l a t i o m  
to the  potential   gradients and current flow rates .in the corresponding 
area of the   e lec t r ica l  model ae the  over-all  temperature  drop and the 
t o t a l  heat  flow of the  heat-flow  system do t o  the  total   vol tage drop and 
the  total   current  f low through the   e l ec t r i ca l  model. 

Design 

General  conslderations. - A number of m e d i u m s  have been employed t o  
simulate bodies in which heat-flow  relations w e r e  being  considered. 
Availability of equipment and materials and ease of handling  plus eome 
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previous  experience i n  fabricat ion led to   the  sd-ect ion  of  a simple 

a re la t ive ly   l a rge  nuniber of mesh are used, the  network  of discrete  lumped 
resistances approximates the  condition of a continuous  heat-flow  path  with 
sufficient  accuracy for the  problem. Accuracy within 1 t o  5 percent may 
be attained  with analogs of. this  type.  

- resistance-wire  grid (see fig. l (c))   for   the  present   project .  As long as 

Design relat ions.  - %e relation.between  the  thermal  resistance -of 
t he  body considered and the"&ectrical  resistance of the  analog model 
depends on the   e lec t r ica l   res i s tance  of one s ide  of a uni t   gr id  mesh on 
the  analog and the  thermal  resistance of t he  metal block  represented by 
that electr ical   res is tance,   or ,   - in   other  words, on the   sca le  of the  model. 
Consider an  analog i n  which the   un i t   g r id   res i s tance  % represents  the 
thermal  resistance Rth  of a metal block of cross  section 2 XL and of 
thickness t. The resis tance of t he -b lock   t o   t he  flow of heat is given 
by 

This r a t i o  governs the  conversion  of any resistance  values  obtained from 
the  analog  into  the  corresponding  thermal  resistances. It also  controls 
the.  values of the  electrical   resistances  required  to  represent  the  thermal 
resistances of t he  boundary layer at the  outer  surface of the  simulated 
portion of the  turbine  blade. The resis tance required f o r  each  surface 
area 2 x L is computed as follows: 

Similar  calculations may be m a d e  f o r   t h e  cooled surfaces if a f in i te   hea t -  
transfer  coefficient is assumed there. In the  present  case,  an infinite 
coefficient w a s  assumed. 

+ 
Analog design. - A 20- by  20-inch gr id  of 24-gage bright-drawn chrome1 

w i r e  w a s  fabricated  using a 1- by  1-inch grid mesh.  The w i r e  was ca l i -  
- brated and found t o  have a resistance of 0.0884 ohm per inch at 70° F. 
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The metal block  represented on the  gr id  by a 1-inch  length of w i r e  was as- 
sumed t o  have the dimensions L = 1 inch  (perpendicular t o   t h e  plane of - 
the   gr id) ,  2 = 0.005 inch, and t = 0.005 inch. Values of h, = 250 Btu/ 

sq  ft)(OF)L.736  Btu/(hr)(sq  in.)(OFfl and k = 15 Btu/(hr)(ft)(oP> 

cooled-turbine work. The temperature  drop  through  the boundary layer a t  
the  cooled  surfaces was assumed negligible in the  present  case in view of 
the  strong cooling that may be  realized  with  l iquids.  These values, when 
substi tuted in equations (A101 and (All), yield  the following: M 

Btu/(hr)(in.)(OF]] w e r e  chosen as typical  of those  encountered i n  

Q) 
aD 
K) 

- = 9.05  (hr)(°F)/(Btu)iohm) %h 
RE 

RE,o = 12.73 ohms 

A calibrated 28-gage chrome1 w€Fe (resistance = 0.213 ohm per in .  at 
70' F) was used fo r  RE,o, 59.7 inches  being  requbed  for each uni t   gr id  
surface area 2 X L. 

It can  be seen from equation (All) that  hot/k = The typi- 
cal   values assumed give EL value of 0.006944 f o r  this parameter. Subse- 
quently, RE was a rb i t r a r i l y  reduced by a factor of 4 and the  parameter 
increased  to 0.02778 i n  order   that   the   effect  of changes i n  external  heat- 
transfer coefficient and/or scale  might be  observed. 
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TABLE I. - RANGE OF COOLIIS-PASSAGE GEDMETRlES UWESTIGATED 

Eempera- Passage 
ture on shape 
irhich 
iata are 
2ased 

4verage Square 
leatea- Circular 
surface Rectangular 

Rectangular 

Square 

Square 

Rectangular 

Rectangular 

Uimum Square 
leated- C i r c u l a z  
3urface Square 

Square 

Rectangular 

lIaximum Square 
'ear- Square .. 

Rectangular 
1-w 

Passage Passage 
size,  spacing, 
in. in. 

0 t o  0.6 
0 t o  0.6 
0.02 deep; 
0 t o  0.6 wide 

wide; 0.01 t o  
0.06 deep 

0.04 
0.08 

0.02 to 0.08 

0.02,o. 04,o. OE 

;o. 02 

Lo. 12 

0 t o  0.8 
0 t o  0.8 

0.2 t o  0.8 
1 

0.1 to 0.4 
0 t o  0.4 
0 t o  0.4 
0 t o  0.8 
0 t o  0.8 
0.2 to 0.4 

f0.02X0.04 
LO. 0 4 ~ 0 . 0 8  

0.01 t o  0.12 
0.02 t o  0.10 
0.02 to 0.06 
0.02 

'0.02 x0 .04. 
'0.04x0.08 
LO. 06x0.12 I 
0.02,0.04,0.08 
0.01,0.02,0.04 

~0.02x0.04 
0.04x0.08 

~ 0.08XO. 16 

0 t o  0.8 
0 to 0.8 
0 t o  0.4 
0.2,0.4 

0.2,0.4 

0.2 to 0.4 

0.2 to 0.4 

Wall 
thick- 
nes a, 

i n .  

0 t o  00 

0 t o  0) 

O t o m -  

0 t o  OD 

0 to 0.22 
0 to 0.22 
0 t o  0.22 
0 t o  0.22 
0 to 0.2 

0 t o  0.2 

0 t o  0.2 
0 to 0.2 
0 t o  0.2 
0 t o  0.2 

0 to 012 

0 t o  0.18 
0 t o  0.18 
0 t o  0.20 
0 t o  0.20 

0 Lo 0.2 

0 to 0.2 
0 t o  0.2 

0 t o  0.2 

Sect ion 
depth, 
In. 

43 

W 

W 

03 

0.05 t o  0.20 
0.10 t o  0.25 
0.10 to 0.40 
0.15 to 0.40 
0.02 to 0.40 
0.02 to 0.40 

W 

OD 

0.05 t o  0.25 
0 t o  0.4 

0 t o  0.4 

OD 

W 

0.05 t o  0.25 
0.10 t o  0.40 

0.10 t o  0.40 

0.05 t o  0.35 
0 t o  0.40 

0 t o  0.40 

h b e r  
>f 
leated 
jurfacer 

1 
1 

1 

1 
1 .  
1 
1 
1 
2 

2 

1 
1 
1 
2 

2 

1 
1 
1 
2 

2 

1 
2 

2 



- .. ."  ... 

I 

. .   . .  

I I 

1 all thickness, 0.05 in. 
I 

I 
- 
Pa8- 
sage 
a m -  

in. 
*, 
- 

0.1 
.2 
. 4  
.8 
L 

0.J 
.2 
.4 
.8 - 

0.1 
.2 
. 4  
.8 - 

c_ khT,, 
8' ' in. 

"T. ql, 
in. 

Iec- 
sage ;ion 
Pas- 

in.  in. 
lepth, 

0.1s 0.04.n 
0.04 

0.04x 
0.04 

- 
aim 
0.04 

pig. E@) 
D.O63(est) 
.085 
.195 ""- 

Mg. =(a) 
3.%(eat) 
.075 . la1 
.44 

.079 . L85 

.500 

Fig. 1403) 
""""" 

D. 020 
* 128 

""- 

m.. 6(b 
3.061 

.085 

.162 "_" 

3.061 .085 
.142 
.31  

3.0635 
.084 
.. 150 
.32 

Mg- 9 
""" 

D. 071 
.097 ""_ 

Fig. 8 
""" 

3.070 
.096 ""_ 
m. 8 
3.073 
.096 

""" 

""- 

24.5 
34.2 
64.8 
"" 

- 

24.9 
34.2 
57.1 
25 - 
25.5 
33.3 
60.3 
28 .5  - 

25.2 
34.2 
78.4 
"" 

- 

24.1 
30.3 

17 7 
72.8 

- 

22.0 
31.8 
74.4 
!01 

"" 

28.5 
39.0 
"" 

F i g .  3 
0.050 

1 

J 
m. 3 
0.050 

28.1 
38.6 

"" 

"" 

"" 

29.3 
38.6 
"" 
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(a) Typical regions that may be  approxiinated on rectangular analog. 

Heat flow in to   sec t ion  

Depth of 
section 

-1 

1 , 
/////////////// ///// 

d Width of section 7 
(b) Idealized blade section  represented by experimental  setup. 

Figure 1. - Relations of cooled-turbine-blade  sections to experimental anslog. 
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kL”xl’‘ Mesh grid of %-gage 
chromel, spot-welded at junctions 

(c) schematic drawing of experimntal analog. 

FTgure 1. - Continued. Relations of cooled-turbine-blade sections t o  expertmental analog. 



.. .. .. 

. .. .. . 

(a) Metal black whose thermal resistance I s  represented by 1- by 1-inch  segmnt 
of m a .  

Figure 1. - Concluded. Relatione of cooled-turbine-bhde  sections t o  experi- 
mental analog. 

. . . .- . . . .. . . .  . . . . . . . . . . P M c  . . 
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Wall thickness, grld spaces 

Flgure 2. - E f e c t  of fourfold variation of parameter h t / k  on 
measured therm1 resistance. 
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(a) Spacing, 0.8 Inch. 

.3 

. 2  

.1 

0 .04 .a .12 .l6 .u 
Wall thiclmess, in. 

(b) Sgscing, 0.2 inch. 

Mgure 3. - Typical variation of a / Q f  with wall thickness i n  section whose 
depth is large with respect to passage dimeneione. Bqwxa paesages. 
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0 .1 .2 .3 .c .5 - .6 
p~ssage s ~ e e  (am.), in. 

(b) Circular passages. 

Figure 4. - Va;riation of (m/Q1) - (kAT./Q')p wlth pssasge size in 
section whose depth is large with respect t o  pa6Sage dimensions. 

29 
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Width of passage, a, in. 

(b) Width of pasertge variablel depth, 0.02 inch. 

Figure 5. - Variation of (m/Q') - (U/Q')w with paesag-e size and spscing for  
various width-depth r a t i o s  i n  section whose depth i s  large with respec t   to  pas- 
sage dimensions. 
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.4 

.3 

.2 

.1 

“ 0  
u 

.4 

.3 

.2 

.I 

0 
W a l l  thickness, in. 

(b) Passage size, 0.04 inch. 

Ff@u=e 6. - Varia<Lon of m/Q’ wtth wall thickuess at various section 
depths and passage spacings. Square passages. 
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- 
(a) Passage aim, 0.02 inch. 

wsll thickeess, in. 

(b) Passage size, 0.04 inch. 

Figure 9. _- Variation of kAT.&Q’ v l th  wall thickness i n  sections of 
varioU6 depth8. SqUSZ’e paSaageS. 
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.c 

- 
Q 

2 *4 

.3 

.2  

.1 

0 

( c )  Pass- size ,  0.08 inch. 

w a l l  thickness, in .  

(a) paesage size, 0.12 inch. 

Figure 9. - Concluded. Variation of kA'l&/Q' with w % l l  thickness in 
sectione of vesloue depths. square gsesages .  

L 
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.3 

. z  

.1 

0 

.5 - 
0 
\ 

2 .4 

.3 

-2 

.1 

0 
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(a) Passage spacing, 0.2 inch. 

Section  thickness, In. 

(b) Passage spacing, 0.4 inch. 

Figure 10. - Variation of qJQ' with section thickness in sections 
heated on two opposing sides. 
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.6 

.4 

.2  

.c 

.2 

0 

NACA RM E5KI.8 

W a l l  thickness, In. 

(b) Circular  passages. 

YTgure U. - Varfation of !sAT&Q* with wall thiclmses in section who% depth is 
krga with respect to p8Smqw dimearrions. 
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.08 .u . .32 .m 
Section thickne~~, i n .  

(b) passage spacing, 0.4 inch. 

=@re 13. - Vsriation of W Q I  with section thickness in eectione 
heated on two opposing sides. 
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3883 , 1 

(b) Fua- dm, 0.0% inch.  , 

. .. 
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(b) Passage spacing, 0.4 inch. 

ngure E. - vmiation of MJQ' with section thickness in sections 
heated on two opposing sides. 

NACA - Lanrlry Fleld. VJ, 



t 


